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METHCD OF DETERMINING CENTRIFUGAL-FLOW-COMPRESSOR PERFORMANCE
WITH WATER IRJECTION

By Jdoseph T. Hamrick and Willlam 1. Beede

SUMMARY

A method is presented for computing the isentropic and actual
enthalpy change between the inlet and the outlet of a centrifugal-
flow coupressor when water injection 1s used. The change in state
of the water in the working fiuid complicates the use of apecific
heats 1n accounting for property changes in the fluid. Consequently,
the method of calculation 1s based on fluid property values glven in
gteam and alr tables. Functlonal charte are included to show the
effect of water-air ratio on isentropic outlet temperature, isentropic
enthelpy rise, and adlabatic efficiency with various pressure ratios
for a fixed set of inlet oconditions.

For a given ismentropic enthalpy change or adisbatlc efficlency,
the rate of increase in the compressor pressure ratic decressed as
the water-air ratioc weas increased. For compressor-inlet conditions
of pressure, 14 inches of mercury absolute; temperature, 77° F; and
specific bhumidlty, 0, water-ailr ratios greater than 0.05 were rel-
atively ineffectlive for pressure ratios of less than 8. On the basis
of the large difference in flow conditions between wet and dry com-
pression, the deslgn of a compressor that would have good efficlency
for both wet and dry compresslon might be difficult.

INTRODUCEICOR

Water-methanol inJjectlion at the compressor inlet ls & standard
thrust-augmentation method for turbojet engines. The large Increase
in thrust obtalnable with this method has resulted in investigations
of the performance effects of water injection on the engine
componenta to determine possible sourcee of losses. Difficulty in
evaluating the properties of the vapor-air mixture complicates the
analysis of the turbojet cycle and especlally the computation of
compressor efficiency.

A method of computing the efficlency of a centrifugal compressor
with water injection at the inlet was derived at the NACA Lewis
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laboratory and 1s presented herein. Inasmuch as the ilsentropic- .
adiabatic compression process is used in computing efficiency with

dry compression, the same process 1s used in this method. Conditions

of the water-air mixture at the inlet are arbitrarily set in order

to simplify the method. Although this method can be applied to

mixtures that include inJjection liquids for which extensive thermo-

dynemic data are available, water alone is used in the numerical

example in order to simplify computation. Because the water con-

tained in the alr changes to vapor during the campression process,

the latent heat of vaporization must be accurately evaluated.

Another complication is the variation in the apecific heat of the

vapor, which precludes the use of constant specific heats in cal-

culating efficiency. The use of variable specific heats would be

cumbersome and impractical. For computing changes in enthalpy
trial-and-error methods based on the steam and air tables of refer-

ences 1 and 2 were used to eliminate the use of variabls-specifioc- v
heat formulas.

The method outlined hereln was used to compute theoreticel
values needed for evaluating performance. Functional charts are
glven for lisentropic outlet temperature, isentropic enthalpy change,
and adiabatic efficiency for a range of pressure ratios and fixed
inlet conditions. Water-air ratio is plotted as a parameter in all -
the charts.

SYMBOLS

The following symbols are used in the calculations and the
figures:

c, specific heat at constant pressure, (Btu/(1b) (°F))

enthalpy, (Btu/lb)
N ratic of actual pressure to base pressure
P total pressure, (1b/sq in.) or (in. Hg absolute)
qQ specific humidity, (lb water/1b air)
R  universal gas ccnstant for air, 53.35 (f£t-1b/(1b)(°F))
8 entropy, (Btu/(1b)(°F))
T temperature, (459.7 + t) (°R)

% temperature, (°F)
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v specific volume, (cu f£t/1b)
W air weight, (1b)
w/a water-air ratio due to water injection

adiabatic efficiency

L
P = n, = aT, (Btu/(10)(°F))
The following subscripte refer to states of working fluié through
the compressor:
0 NACA standard sea-level conditicns
1 compressor inlet before injection of water
2 compressgor outlet
a constituent of mixture based on 1 pound of dry air
d dry air
b i saturated liquid
saturated vapor
m mixture
8 superheated vapor

t stagnation

ANALYSIS

In order to enable comparisons of compressor performance with
wet- and dry-compression, in the following analyels adiabatic effl-
ciency is based on the lisentroplc-adisbatic compression process used
for dry compression., The adisbatlic efficlency of a compressor ie
defined as the ratio of the isentropic (reversible adiabatic) com-
pression work to the actual compression work. Although the actual
work can be determined by either thermodynemic or mechanical methods,
the isentropic work must be computed by use of thermodynamics.
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If conditions at the outlet are such that the entropy at the v
outlet equals that at the inlet, the second law of thermodynamios
precludes the possibility of any change in entropy during the proc-
ess; therefore only the end pointe of the process are considered.
Evaluation of the entropy of the mixture at the inlet 1s difficult
because an increase In entropy due to adiasbatic saturation of the,
alr at the inlet cannot be avoided. Only if the air is saturated
before the water is injected and is at the same temperature as the
injected water can the process conceivably be ideally reversible.
For a fixed set of inlet conditions and given compression ratio,
the pressure at the outlet is fixed. The temperature at the outlet
wlll therefore determine mnot only the state of the injected liquid
but alsc the entropy at the outlet. A temperature that will give
an entropy at the outlet equal to that at the inlet must therefore
bhe found by trial and error. When this temperature is found, the
enthalpy of the outlet mixture can be determined.

1164

From the Gibbs-Dalton law it may be deduced that the emtropy
and the enthalpy of a mixture of gases and vapors can be regarded
as the sum of the individual entroples and enthalpies of the con-
stituents when each occupies the same space as the mixture at the
temperature of the mixture. This law is not extended to liquid
particles suspended ln a gas. For the method presented herein, how- -
ever, the liquid-water particles are assumed to be homogeneously
distributed throughout the mixture but to exert no pressure. The
entropy and the enthalpy for the particles are calculated in the
same manner a8 for gases.

In ocmputing the entropy of the mixture at the inlet, no attempt
is made to estimate the amount of water evaporated into the alr on
injection. Instead, the entropy of the mixture is based on condi-
tions existing before any degree of vaporization of injected water
occurs. The assumption of no vaporlization at the compressor inlet
simplifies the calculation procedure. Date based on no saturation
and complete saturation of the inlet air indicate only a small 4if-
ference in enthalpy change; however, the condition of no saturation
results 1n a more conservative value of efficlency. The temperature
of the water particles is assumed equal to that of the water before
injJection in order to approximete more closely the value of the
inlet entropy of the mixture. All values of entropy are taken from
the steam and alr tables of references 1 and 2, respectively. The
entropy of each constituent in the mixture is based on 1 pound of
dry alr, with the result that the sum of all the entropies gives
the entropy of the mixture per pound of dry alr. The enthalpy of
the mixture at the inlet is determined by the same procedure.
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In order to compute the outlet temperature for which the entropy
at the outlet equals that at the inlet, an outlet temperature is
Tlrst assumed. With the assumed temperature and the water-air ratio
at the outlet, the entropy is computed in the same manner as for the
inlet. When the isentroplc outlet temperature is found, either of
two sets of conditlons may prevall at the outlet depending on the
guantity of water injected: The air may be saturated at the outlet
with or without water droplets being present, or the vapor may be in
‘the superheated condition, in which case no droplets will be present.
In the case of saturation with or wlthout water droplets, the entropy
can be easily found because these properties are the same as those
for saturation temperature. With the superheated vapor, the exact
temperature at which saturation occurs must be determined. The pres-
sure corresponding to the temperature of saturation is the same that
the vapor exerts at any higher temperature, the preassure of the mix-
ture remsining constant. When this pressure 1s determined, the
entropy of the vapor can be obtained fram the superheated-vapor tables
of reference 1. The enthalpy of the mixture at the outlet for either
the imentropic or the actual case is determined by the same procedure.

If the mixture at the outlet contains droplets in a mixture of.
superheated vapor and air, the actual outlet temperature cannot be
used. The compressor work, or actual enthalpy rise, must then be
determined by mechanical means. An estimate of the quantity of
droplets present cen be made by the method 1llustrated in the Numer-
ical Example if the dry-bulb temperature at the outlet is knowm.
The humidity due to the superheated vapor at the outlet can be
approximated by trial and error by finding a vapor-alr ratlo at the
outlet that glves an enthalpy change equal to the power input. The
procedure is the same as that for calculating the actual outlet
temperature except that the vapor-air ratio must be varied for
succeeding computations. Any weter not in the superheat state
is consldered to be in droplet form.

NUMERICAL EXAMPLE

A numerical example 1s presented to show the method of com-
puting isentropic enthalpy rise, actual enthalpy rise, and adlabatic
efficliency of a compressor for a glven set of conditions. In each
cage where & temperature is assumed for trial-and-error solutiom,
only the calculations resulting in the correct temperature are
shown. The following conditions from actual experimental data
prevail: :
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Water injected, 1lb/sec . .
Alr weight flow, 1lb/seoc
Water temperature, °F . .
Alr temperature, 6F . .
Inlet pressure, lb/sq in.
in. Hg abs.
Outlet pressure, 1b/eq in. .
in. Hg abs. .
Outlet temperature, °F . . . . .
Specific humidity®, 1b water/1ldb air .
Water-vapor pressure (humidity®), ib/sq in.

® e o o e o
L]
* @ & & = o 2
s« s & = 2 e e * @
e * o e e o
* & o o o+ e e o
¢ e o 9 8 o e .
* & * * = & @
.
.
*® e & & o @
* 8 ®* & 9 ¢ s =

.
.
.
3
L]

. 2.175

43.97
55
77.4
6.870
14.00
19.998

. 40.73

. 264

0.01025

0.1110

SThe gpecific humidity and the pressure of water vapor at the
inlet are calculated from an assumed wet-buldb temperature by msans

of the empirical equations of reference 3.

I. Entropy of Mixture at Inlet

(1) Water-air ratio due to injection. -

Pounds water contalned In 1nlet air
(0.01025)(43.97) = 0.4507 (ib water/sec)

Pounds dry air supplied
43.97 - 0.4507 = 43.52 (1b/sec)

Water-air ratio due to injection
w/a = 2.175/43.52
= 0.04897

(2) Entropy due to inJected liquid. -

Entropy of saturated liquid at inlet
sp,1 &t 55° F = 0.0459 (Btu/(1b)(°F))
Entropy of saturated liquld per pound of dry air at inlet

sf,a,l = sf,l W/&
(0.0459) (0.04997)

0.002294 (Btu/(1b)(°F))

1164
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(3) Entropy due to superheated vapor in incoming air. - Although

the Mollier diagram for steam doces not lnclude values of entropy for
a pressure of 0.1110 pound per square inch, the low-pressure region
near saturation indicates an entropy increase of 0.018 Btu per pound
per OF for each temperature rise of 20° ¥ along an lsobariec line.
By using the entropy at saturation for a pressure of 0.1110 pound
‘'per sguare inch and correcting for temperature difference from
saturation temperature to 77.4° F, an entropy value ss p of

2.204 Btu per pound per °F was obtained.
Entropy of superheated wapor per pound of dry alr at inlet
8g,a,1 = 83,1 91
= (2.204)(0.01025)
= 0.02259 (Btu/(1b)(°F))

(4) Entropy due to dry air. -

Pressure of dry air
Pa,1 =1 - Fg,1
= 6,870 - 0.1110
= 6.759 (1b/sq in.)

1. P
N Bg,n

= 14.70/6.759
= 2.175

Rloge%-:-Rlogeﬂa-0.0S.'SZS

where
R = 53.35 (£t-1b/(1b)(°F))

The temperature function at the inlet tpt’l is 0.07067, from
table 1 of reference 2.
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Entropy of dry air at inlet

’

84,1 = ®4,1 - Rloge N
= 0.07067 + 0.05326
= 0.1239 (Btu/(1b)(°F))

§52 Entropy of mixture at inlet. - Because ratios of the guan~
tities remain unchanged, the use of tables having different tem-
perature bases (references 1 and 2) is valid. The entropy of mix-
ture per pound of dry alir equals the entropy of saturated liquid
per pound of dry alr plus the entropy of superheated vapor per pound
of dry air plus the entropy of dry air.

®m,a,1 © %¢,a,1 * %g,a,1 * %a,1
= 0.002294 + 0.02259 + 0.1239

= 0.1488 (Btu/(1b) (°F))

II. Isentropic Outlet Temperature

(1) Outlet temperature. - An outlet temperature tt,z of

108.1° F is assumed for computing an entropy at the outlet equal to
that at the inlet by trial-and-error sclution.

(2) Specific humidity at outlet. -

Q.
Pg,2 8% typ of 108.1 °F

= 1.206 (1b/sq in.)(from table 1, reference 1)
Py = 19.998 (1b/eq in.) (original conditions)
Pa,2 = P2 - Pg,2
= 19.998 - 1.206
= 18.79 (1b/eq in.)
vg,2 &b ty,z of 108.1 °F

= 279.5 (ou £t/1b)(from table 1, reference 1)
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Tt,z = 567.8 °R (given)
R = 53.35 (£%-1b/(1b)(°F))

P v
v - 8,2 Yg,2
R(Ty 2)
2

_ (144)(18.79)(279.5
(53.35)(567.8)
= 24.97(1b)

where

W weolght of air that would ococupy same volume as vg,z

Specific humidity at outlet

=~

Q.Z =

1
24.97

0.04005 (1b water/lb air)

(3) Quantity of liquid water present at outlet. - The total
water-alr ratlo equals the water-alr ratio due to water injected
plus the water-air ratio due to humidity at inlet.

total water-air ratioc = w/a + 9,
= 0.04997 + 0.01025
= 0.068022

pound liquild water

pound dry air at outlet = total water-air ratio -

gpecific humidity at outlet
= 0.06022 - 0.04005

= 0.02017
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(4) Entropy due to liquid water. -

Entropy of saturated liquid at outlet
Se,2 &t bty » of 108.1 °F
= 0.1438 (Btu/(1b)(°F)) (table 1, reference 1)

Entropy of saturated liquid per pound of dry air at outlet

s (}b 1iquid watef)
£,2

°t,a,2 1b dry air

(0.1438)(0.02017)

= 0.002900 (Btu/(1b)(°F))

(5) Entropy due to saturated vapor. -

Entropy of saturated vapograt éu&Ibt
8g,2 at ty p of 108.1 °F
= 1.962 (Btu/(1b)(°F)) (table 1, reference 1)
Entropy of saturated vapor per pound of dry air at outlet
Bg,a.,2 = 8g,2 a2
(1.962)(0.04005)
0.07859 (Btu/(1b)(°F))

P
4,2 18.79
= L. = = 1.278
Py 14.70

N

R logy N = 0.01681

Temperature function at outlet

Py,z = 0.08403 (Btu/(1b) (°F)) (from table 1, reference 2)
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Entropy of dry alr at outlet
8,2 = P;,2 - Rlogy N
= 0.08403 - 0.01681
= 0.08722 (Btu/(1b)(°F))
6) Entropy of mixture at outlet. - The entropy of mixture per
pound of dry air at the outlet equals the entropy of saturated 1liguid

per pound of dry sair plus the entropy of saturated vapor per pound
of dry alr plus the entropy of dry alr.

fm,a,2 = ®r,a,2 * Bz a,2 * 83,2
= 0.002900 + 0.07859 + 0.08722
= 0.1487 (Btu/(1b)(°F))
When sy g1 and &y g 2 &re equal, the assumed temperature

is that for isentropic compression. If they are unequal, a new
temperature tt,z must be selected until equality is attained. The

entropy velue as computed 1s sufficlently close to that at the inlet
to assume an isentroplc processa.

III, Enthalpy Change Through Compressor
(1) Enthalpy at inlet. -

Enthalpy of saturated liquld at inlet

hp 3 &t tp3 of 550 F = 25.07 (Btu/ib)

Enthalpy of saturated liquld per pound of dry air at inlet
he,a,1 = ke 3 ¥/a
= (23.07)(0.04987)
= 1.153 (Btu/lb)
Enthalpy of saturated vapor at Iinlet

O
hg 1 = 1096 (Btu/1b) et Py, Of 0.1119 and b, . of 77.4°F
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Pressure effect on enthalpy le negligible in this region of
pressure.

Enthalpy of saturated vapor per pound of dry air at inlet
hg,a,1 = hg1 U
= (1096)(0.01025)
= 11.23 (Btu/1b)}
Enthalpy of dry air at inlet

hy i &t Ty y of 537.1° R = 32.87 (Btu/lb)

The enthalpy of mixture per pound of dry air at the inlet
equals the enthalpy of saturated liquid per pound of dry air plus
the enthalpy of saturated vapor per pound of dry alr plus the
enthalpy of dry alr

hm:a)l = hf:a:l + hs,a,l + hd,l
= 1,153 + 11.23 + 32.87
= 45.25 (Btu/1b)

‘2! Enthalpy at outlet. -

Enthalpy of saturated liquilid at outlet
hpz 8t by p of 108.1° F = 76.05 (Btu/1b)

Enthalpy of saturated liquid per pound of dry alr at outlet

- 1b liquid water
bf,a,z = br,2 (\ b dry air

= (76.05)(0.02017)
= 1.53¢ (Btu/lb)
Enthalpy of saturated vapor at outlet
o ;
hg,2 8% ty z of 108.1° F = 1108.6 (Btu/1b)

1164
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Enthalpy of saturated vapor per pound of dry air at outlet

bg,a,2 = bg,2 Q2
. = (1108.6)(0.04005)
= 44,40 (Btu/lb)
Enthalpy of dry alr at outlet

hy,z &t Ty p = 40.25 (Btu/lb)

The enthalpy of mixture per pound of dry air at the outlet
equals the enthalpy of saturated liquid per pound of dry air plus
the enthalpy of saturated vapor per pound of dry air plus the
enthalpy of dry air.

Byp,a,2 = e a2 + g a2 + 13 2
= 1.53¢ + 44.40 + 40.25
= 86.18 (Btu/1b)
(3) Enthalpy change from inlet to outlet. -
Ahm,a. = hm,a,z = hm‘,a.’,l

= 86118 - 45.25

= 40.93 (Btu/1b)

If the vapor at the outlet 1s in the superheat regiomn, the
entropy and the enthalpy are ccmputed for the assumed temperature
in the same manner as the enthalpy or the actual work in section IV.

IV. Actual Work Determined from Total Temperature at Outlet
Temperature at outlet = 264° ¥ -

. For this temperature, the vapor contalned in the alr 1s in the
superheated condition. The pressure exerted by the vapor In the
mixture will therefore be equal to that exerted at saturation. The
following method is used to determine the temperature at which
saturation occurs. By assuming values of saturation temperature ¢
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and using the corresponding values of specific volume Vg found

in table 1 of reference 1, a value of specific humidity equal
to the total water-air ratio at the outlet is obtained.

From section 1I, item (3) the total water-alr ratio is 0.06022,
Assume the temperature t of saturation to be 121.3° F. The pres-
sure Pg,z corresponding to 121.3° F is 1.755 pounds per square inch

in the steam tables (table 1, reference 1).

(1) Pressure of superheated vapor. -

Fa,2 = Pz - Fg,2
= 19.998 - 1.755
= 18.24 (1b/eq in.)

The volume ococupied by 1 pound of vapor at saturation Vg for

121.3° F 1s 196.5 cubic feet per pound from table 1, reference 1.

The welght of air that would ocoupy the same volume as ve at
Pd,z is

Pd,z vg
R(t + 459.7)

W=

(144)(18.24)(196.5)
(53.35)(581.0)

16.65 (1b)

Water-air ratio

1.1 -o.0601
W~ 16.65

Inasmuoh as the actual qm’z is 0.06022 pound water per pound

alr, the assumed temperature 1s acceptable; the pressure exerted by
the vapor in the superheat region Ps’z 18 therefore 1.755 pounds

per square inch.

gz: Enthalpy of mixture. -

Enthalpy of vapor .h, at 264° F = 1179 (Btu/1b) (reference 1, fig. 10)

¥91T
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Enthalpy of vapor per pound of dry air at outlet
hs,a,z = (0.0601)(1179) = 70.86 (Btu/1lb)
Enthalpy of dry air
hy,p at 264° F = 77.85 (Btu/lb)
Enthelpy of mixture per pound of dry air at outlet
‘ | by,a,2 = bg,a,2 + bg,2
= 70.86 + 77.85

148.7 (Btu/1b)

By,a,1 = 45.25 (Btu/1b) from section ITT

(3) Enthalpy change equivalent to actual work., -
bbp,e = Bnoa,2 - hm,a,l

14807 - 45.25

103.5 (Btu/1b)

V. Adlabatic Efficliency

isentropic Ah, o
Mag = 2
actual Ahm,a

= £0.93 _ 0.395
103.5

APPLICATION OF METHODS

15

Isentropic outlet temperature, lsentroplc enthalpy change, and
adiabatic efficiency computed for various preesure ratios are shown

in figures 1, 2, and 3, respectively. Water-air ratios from O to
0.08 are also given. Inlet conditions of pressure, 14 Inches of
mercury absolute; temperature,77° F; and specific humidity, O are
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used In each case. For any change in inlet conditions, additional
curves must be constructed. The slip factor in figure 3 1s defined
a8 the ratio of the rotational velocity of the fluid particle at
the outlet to tangentlal velocity of the impeller tip.

In figure 1, the curves for all water-alr ratios closely fol-
low the same path until the wvapor in the mixture passes into the
superheat state, at which point the curve breaks sharply upward.

As the water-air ratio Increases, the breakaway coccura &t increas-
ingly higher pressure ratlos. This effect is reflected 1n fig-

ure 2, which shows that, for any given isentropic enthalpy change,
the change in pressure ratio increases at a decreasing rate as
water-air ratio is increased. For a gilven adlabatic efficiency in
figure 3, the rate of Inorease in pressure ratioc decreases as water-
air ratio is increased. A water-air ratio grester than 0.05 is
relatively ineffective for pressure ratios of lese than 8 for these
compressor-inlet conditions. In view of the large difference in
flow conditions between dry and wet compression, the design of a
compressor that will have good effliclencles for both wet and dry
compression may be difficult.

For the inlet conditions used herein, figures 1 and 2 can be
used as a source of data in computing efficiencies of actual com-
pressors and in making analyses of the turbojet cycle. For the
compressor used In a cycle analysls with a given pressure ratio
and an assumed efficiency, the 1isentropic enthalpy change can be
taken from figure 2 and the actual enthalpy change ccmputed. The
actual outlet temperature that will glve the actual enthalpy change
can be found by triel-and-error methods based on use of steam and
alr tables.

SUMMARY OF RESULTS

From the method developed for determining centrifugal-flow-
campressor performance with water injection, 1t has deen shown that
for any given isentroplc enthalpy change or adiabatic efficiency,
the rate of increase in compressor pressure ratlo decreased as the
water-air ratio was increaged. For compressor-inlet conditlions of
pressure, 14 Inches of mercury absolute; temperature, 77° F; and
specific humidity, O, water-air ratlos greater than 0.05 were rel-
atively ineffeoctive for pressure ratios of less than 8.
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CONCLUSION

On the basis of the large difference in flow conditions between
wet and dry compression, the design of a compressor with good effi-
ciency for both wet and dry compression may be difficult.

Lewls Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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Isentropic outlet temperature, tg,2 oF

400
0 L
380
380
Water-air
ratio, w/a

340

02
320
300
280 :

.03
260
240
220 04
200
180

.05
160 5 =

.06
140
I . 1

205.0 5.5 6.0 6.5 7.0 7.5 8.0

Pressure ratio, PZIPI
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Figure 1. - Concluded. Variatlion of outlet temperature wlith pressure ratio

for isentropic compression. Compressor-inlet conditions: pressure, 14
inches mercury absolute; temperature, 770 F; specific humidity, O.
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(a) Pressure ratio, 1.5 to 5.0.

Figure 2. ~ Variation of enthalpy change with pressure ratio for [sentropic compression.

Compressor-inlet conditions: pressure, 14 inches mercury absclute: temperature, 77° F;
speclflc humidity, 0. .
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Figure 2. - Concluded. Variation of enthalpy change with pressure ratio for Isentropic

compression. Compressor-inlet condltions: pressure, l4 inches mercury absclute;
temperature, 77% F; speciflc humidity, O. .
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Figure 3. - Variation of adiabatic efficiency with pressure
ratio for impeller tip speed of 1560 feet per second and
0.94. Compressor—-inlet conditions:
14 inches mercury absolute; temperature, 77° F; specific

slip factor of

humidity, O.

pressure,

NACA-Langley - 9-T-4% - 300

911



ol =

3 1176 01434 9311




